The application of in-line inspection (ILI) to assess pipelines for various anomalies is standard practice in the pipeline industry. When ILI data identifies the presence of anomalies such as denting or ovalization, current convention is to perform either a depth-based or strain-based assessment to assess the severity. Although a strain-based methodology is generally accepted in the pipeline industry, this approach does not address all of the primary damage mechanisms associated with pipeline dents. Assessment based upon either depth or strain alone may not only provide non-conservative results but also fail to properly rank dents in order of their true severity. A life-cycle assessment approach that considers the damage caused by the dent formation, the stress intensification effect of the dent profile, and the severity of future pressure cycling provides an improved understanding of the probability of failure, allowing for more informed integrity management decision making.
Strain-based assessment of dents in pipelines is typically performed by calculating the local curvatures in the dent geometry as measured by ILI. Local strains are then calculated based on these local curvatures. However, this approach does not address that once a dent has been formed, continued pressure cycling at that location is what will ultimately cause a failure. The current strain-based methodology does not account for the severity of the pressure cycling at the dent.
A new and innovative methodology has been developed which takes a life-cycle approach to the assessment of pipeline dents. This approach estimates the remaining life of a dent based on fatigue damage accumulation. Finite element analysis (FEA) is used to calculate various stress concentration factors (SCFs) based on the geometry of the dent. These SCFs are used to calculate an equivalent alternating stress for a unit pressure cycle event. Past representative pressure cycling data is gathered using a rainflow counting approach. The amount of damage accumulated during each pressure cycle is calculated using stress or strain based (S-N) fatigue curves; this allows for a damage rate to be calculated based on past operational history. A remaining life can be estimated based on this damage rate and an estimation of the initial fatigue damage accumulated during formation of the dent. This estimation is made based on previous elastic-plastic FEA of various scenarios which simulate the formation and shakedown of a pipeline dent.
Case studies which explore the use of different assessment methods to analyze dents will be presented. A comparison of different assessment methodologies will illustrate the improved understanding of the probability of failure of dents based upon the life-cycle assessment.
DENT DAMAGE AND FAILURE MECHANISMS
Unlike metal loss, a dent does not simply fail based upon its ability to contain pressure or leak due to through-wall corrosion. A dent can cause cracking to develop over time as the damage from dent formation (and subsequent re-rounding) and the damage from operational pressure cycling accumulates, exhausting the material's fatigue life. Once a crack is formed in a dent it will typically grow to critical size quickly due to the stress concentration from the deformed dent profile.
Ideally, dent assessments should attempt to determine the likelihood of crack formation and subsequent propagation to failure. The relevant damage and failure mechanisms for this behavior are:
1. The amount of damage that occurs during dent formation and subsequent shakedown where cycling decreases the magnitude of the dent to a stable size 2. The severity of the profile of the dent which can be quantified as either the stress concentration or elevated strain 3. The amount of fatigue loading on the dent Commonly used dent assessment methods will be reviewed for their ability to consider these damage and failure mechanisms.
OVERVIEW

OF PLAIN DENT ASSESSMENT METHODS
This paper will explore different methods for the assessment of plain dents in a pipeline. The various assessment Proceedings of the 2016 11th International Pipeline Conference IPC2016 September 26-30, 2016, Calgary, Alberta, Canada methods can be categorized as either simple or advanced based on computational complexity and required data.
Dents can be assessed based on peak depth or sharpness (sharpness = depth/length or d/L). These assessments can be performed quickly and easily using hand calculations or a spreadsheet. Therefore, the depth-based and sharpness-based methods are considered simple assessment methods.
One advanced method currently being used is a strainbased assessment. This method estimates the strain in a dent based on the local curvatures in the dent geometry using measured profiles from geometry ILI inspections or anomaly investigations. This advanced method requires more profile data and complex computational tools and should be performed by an experienced analyst.
To address limitations associated with the strain-based assessment methodology, another advanced method was developed which not only accounts for the severity of the dent geometry, but also the accumulation of fatigue damage which will occur in the dent due to operational pressure cycling. This method is referred to as a life-cycle assessment.
When analyzing dents, operators should be aware of the strengths and weaknesses of each method. The ideal workflow will typically be to first perform a simple method in order to gain some initial insight into the relative severity of each dent. Once this simple assessment has been performed, a more advanced method can be applied in order to gain a more complete understanding of the probability of failure for selected dents.
SIMPLE ASSESSMENT METHODS
For dents identified using ILI, the fastest and most simple way to evaluate the dents is to perform a depth-based assessment. This approach is an assessment based on the peak depth of the dent as measured by ILI. While this type of assessment is the easiest and fastest way to analyze dents, it is a relatively crude approach which only uses depth to determine the amount of stress concentration occurring in the dent profile. Dent depth is then compared to a depth criterion (6% of OD being common). One measure of the effectiveness (or rather lack thereof) of depth as an assessment method is that many dents larger than 6% would not be expected to fail during the life of the pipeline; however, failures have been observed for dents shallower than 6% [1] .
The sharpness of a dent is a more effective way to rank dents in terms of severity as compared to depth alone. The sharpness is obtained by dividing the peak depth of the dent (d) by the length of the dent in the axial direction (L). A ranking based on d/L provides a better understanding as to the amount of stress concentration in the dent as compared to ranking based on depth alone. Dent sharpness has been added to the dent assessment criteria in CSA Z662-15 edition [2] .
These simple assessment methods can be performed quickly and easily. However, there are disadvantages to using only a simple assessment method to evaluate dents. Without considering the complete profile of the dent, these simple methods only broadly approximate the amount of stress concentration in the deformed pipe. Also, they do not consider the effect of operational pressure cycling on the fatigue life of the dent or the amount of damage that occurs during dent formation. Therefore, these simple methods have only partially considered one of the three damage mechanisms previously presented.
Depth and sharpness evaluations do not take the complete profile of the dent into account. For example, a dent with a small d/L ratio may have a sharp local peak within the dent. Another anomaly with a large d/L ratio may have a relatively flat bottom. In this case, a simple assessment would indicate that the flat defect would be more severe, while in actuality, the other defect is likely of greater concern. In other words, even when applying depth and sharpness acceptance thresholds, causing unnecessary excavations, higher risk dents may not be identified for further investigation and remediation.
ADVANCED ASSESSMENT METHODS
The acceptance of advanced methods to assess dents is tied in with the improvement in quality of dent profile measurement by geometry ILI tools. The use of the measured geometry profile of the dent allows for an improved estimate of stress concentration. Additionally, greater computational capacity has allowed for these assessments to be performed more efficiently.
Strain-Based Assessment
The strain-based methodology uses the complete measured profile of the dent and calculates a local strain based on the local curvatures. Guidelines for calculating strain based on curvature are provided in ASME B31. Non-Mandatory Appendix R [3] . The circumferential radius of curvature (R1) and longitudinal radius of curvature (R 2 ), as shown in Figure 1 , are calculated at each point in the ILI data set.
FIGURE 1. RADIUS OF CURVATURE (TAKEN FROM ASME B31.8-2014 NON-MANDATORY APPENDIX R -FIGURE R-1)
The circumferential bending strain (Ɛ 1 ), longitudinal bending strain (Ɛ 2 ), and extensional strain in the longitudinal direction (Ɛ 3 ) are calculated.
Once Ɛ 1 , Ɛ 2 and Ɛ 3 are calculated, the combined strain on the inside surface (Ɛ i ) and outside surface (Ɛ o ) are calculated.
Ɛ i and Ɛ o are calculated at every point in the ILI data set using that point's corresponding Ɛ 1 , Ɛ 2 and Ɛ 3 values. The peak strain in the dent is reported as the maximum of Ɛ i and Ɛ o . Once the peak strain in the entire dent is identified, the dent can be evaluated by either comparing to an acceptance limit or using a ranking approach.
While a strain-based approach is certainly more sensitive to the profile of the deformed pipe than a depth-based or d/L approach, it still has limitations. Once a dent has been detected in a pipeline, fatigue damage from continued pressure cycling at that location is what will ultimately cause a failure. The strain-based methodology only takes into account the elevated strain in the dent profile and not the severity of the continued pressure cycling. Evaluation based on geometry alone may not properly identify which dents are the most at risk for failure and has the potential to produce non-conservative results. It is possible for a dent to have a high peak strain value but be subjected to low magnitude pressure cycling. Another dent might have a lower peak strain value but be subjected to very severe pressure cycling. In this instance, it is difficult without additional assessment to determine which of these two dents would be at greater risk of failure.
Strain-based assessments are more effective in situations where cycling is minimal, as it can be for some natural gas service applications. In these cases, the strain-based method provides a reasonable ability to identify dents with higher amounts of damage and stress concentrations.
Life-Cycle Assessment
In order to provide a more comprehensive assessment of pipeline dents, a life-cycle approach has been developed which accounts for both the stress concentration of the dent profile and the magnitude of the continued pressure cycling at the location of the dent. This method calculates the remaining life of a dent based on fatigue damage accumulation [4] .
To begin, the stress intensification effect of the dent geometry is quantified by calculating stress concentration factors (SCFs) with the aid of finite element analysis (FEA). A mesh of the dent geometry is created based on the ILI data. Typically, an automated mesh generator is used to generate the mesh. Sufficient mesh refinement is needed in order for the FEA to produce accurate stress results. The FEA considers a unit pressure load broken up into two load steps. The first load step considers only the axial component of the unit pressure load, while the second step considers only the circumferential or hoop component of the unit pressure load. Figures 2 and 3 display the loading conditions for each load step.
FIGURE 2. AXIAL COMPONENT OF UNIT PRESSURE LOAD FIGURE 3. HOOP COMPONENT OF UNIT PRESSURE LOAD
The hoop and axial components of the load are analyzed separately because the stresses in the dent are a function of the curvature in both the circumferential and axial directions. This allows for the effects of the individual loading components on the stresses in the dent to be quantified. Regarding boundary conditions, each end of the pipe is restrained such that radial and expansion are unrestricted while eliminating any rigid body motion.
Four stress concentration factors (SCFs) are calculated based on the peak hoop and axial stresses in each load step. Note that the nominal axial stress does not account for the effect of the Poisson ratio which is contrary to typical practice for pipeline applications. If desired, the Poisson effect can be accounted for later in the analysis.
Once the stress intensification effects of the dent geometry are quantified, the next step is to gather past pressure cycle data at the location of each dent. This pressure cycling data must be representative of typical operation of the pipeline for both the past and the future. A pressure cycle histogram is developed from the past pressure cycle data using a rainflow counting approach. The result of this exercise is an exceedance diagram that plots the number of cycles which exceeded a particular pressure cycle magnitude over the duration of the pressure cycle history.
For each pressure cycle ΔP, the peak hoop stress, axial stress, and equivalent alternating stress in the defect are calculated based on the previously determined SCFs. I desired, the Poisson effect mentioned earlier can be incorporated by multiplying the SCF11 and SCF12 terms by the Poisson ratio.
This calculation yields an equivalent alternating stress for each pressure cycle in the pressure cycle history. Using an S-N fatigue curve, the amount of fatigue damage which occurred throughout the entire duration of the pressure cycle history is calculated. A damage rate is obtained by dividing the total amount of damage which occurred by the duration of the pressure cycle history.
Various fatigue curves can be used to calculate the amount of damage occurring for a particular pressure cycle. One such fatigue curve presented in API 579-1/ASME FFS-1 2007 [5] Figure F .11 is a commonly used curve for fatigue analysis for many different applications. This curve was developed based on smooth bar testing at room temperature. Additionally, a fatigue curve referred to as API Xʹ [6] is known to provide good predictions for fatigue damage accumulation in pipeline dents. A comparison plot of these two fatigue curves is shown in Figure 4 . The worst case result of these two curves can be used for the final calculation of the damage rate.
FIGURE 4. API 579 AND API Xʹ FATIGUE CURVES
In order to estimate a remaining life based on the damage rate, two more items must be identified. The duration of operation of the pipeline since the dent was created must be estimated so that the amount of prior damage accumulated during this period can be calculated. Additionally, the amount of damage accumulated during formation of the dent needs to be estimated. A typical assumption for the formation of a dent in a pipeline is that 50% of the fatigue life was consumed. This assumption is made based on the performance of several elastic-plastic FEAs of various scenarios which simulated the formation and shakedown of a pipeline dent. This assumption typically provides a conservative estimate for the amount of fatigue damage that is accumulated during dent formation.
The remaining life is calculated as the amount of time it takes to reach the critical damage point. The critical damage point is 100% minus the amount of damage accumulated during dent formation minus the amount of damage accumulated during prior operation.
By considering the pressure cycle behavior of the pipeline in addition to stress intensification effects, a more accurate ranking of dents can be achieved, and the dents with highest probability of immediate failure can be identified. Calculation of remaining life based on fatigue can be sensitive to many factors. A small change in the stress can result in larger changes in the remaining life (in some cases a full order of magnitude). The conservative estimate for initial damage consumed during dent formation and the possible addition of a factor of safety are two ways to ensure conservative results.
Advanced assessment methodologies including methods to predict remaining life in dents based on fatigue have been described in previous literature. Examples of this are papers written by Lockey et al. [7, 8] and a strategy outlined by the United Kingdom Onshore Pipeline Operators' Association (UKOPA) [9] . However, the methodology presented in this paper contains differences from the existing literature mentioned above. One difference is the separation of the hoop and axial components of the pressure load to calculate SCF's. Another (possibly more significant) difference is the consideration of the amount of fatigue damage which was consumed during the initial formation of the dent.
CASE STUDIES OF DIFFERENT DENT ASSESSMENT METHODS
Three dents were identified on a 4 inch schedule 40 API 5L X52 pipe. These three dents were analyzed using a depthbased, sharpness-based, strain-based, and life-cycle approach.
The ILI data for each dent consisted of 48 equally-spaced circumferential readings. The axial readings were evenly spaced in 0.2 inch increments. Depth and sharpness for each dent is presented in Table 1 . 
DEPTH AND SHARPNESS FOR EACH DENT
Based on the initial depth-based assessment, Dent 3 is the most severe. However, when sharpness is considered, Dent 2 is more severe as it has a significantly higher d/L ratio. Dents 2 and 3 would not pass a typical depth based assessment.
Strain-Based Assessment
The strain-based assessment methodology was applied to the three dents. In order to use ILI data for an advanced assessment, initial processing is necessary in order to remove excess noise from the data. For strain-based calculations, the noise in the data will result in very small local curvatures to exist throughout the entire data set. These small curvatures will result in very high strains that dominate the overall result. In actuality, these high strains do not exist; they are merely a product of the excess noise.
In order to obtain meaningful results, the excess noise in the data needs to be smoothed out. One approach to data smoothing is the use of a Fourier transform. A Fourier transform breaks down a particular axial or circumferential profile of ILI data into many different frequencies of various magnitudes. The higher frequencies (which contribute to the noise, whereas lower frequencies capture the general shape) are eliminated based on a smoothing factor. This is demonstrated in Figure 5 . The goal of the pre-processing phase is to apply the least possible amount of smoothing to the data such that the small local curvatures do not dominate the results and the overall geometry of the dent is kept intact.
The results of the strain-based assessment are summarized in Table 2 . Figures 6 through 8 show the final strain contour plots along with the radius contour plots for each dent. 
FIGURE 6. DENT 1 STRAIN-CONTOUR PLOT (TOP) AND RADIUS CONTOUR PLOT (BOTTOM) FIGURE 7. DENT 2 STRAIN-CONTOUR PLOT (TOP) AND RADIUS CONTOUR PLOT (BOTTOM) FIGURE 8. DENT 3 STRAIN-CONTOUR PLOT (TOP) AND RADIUS CONTOUR PLOT (BOTTOM)
The results of the strain-based assessment were similar to the results of the d/L assessment. Dent 2 was identified to be the most severe dent based on the highest peak strain value.
Life-Cycle Analysis
The life-cycle assessment methodology was applied to the three dents. The first step was to generate an FEA mesh for each smoothed ILI data set. The mesh was composed of quadratic shell elements (S8R5). The FEA was performed assuming linear-elastic material properties; the Young's Modulus was assumed to be 29,000 ksi. The FEA analysis was run using the Abaqus finite element solver [10] .
The results of the FEA for each dent are summarized in Table 3 . Contour plots of the hoop and axial stresses in Dent 2 for each load step are provided in Figures 9 through 12 One year's worth of pressure cycling data was gathered at the location of each dent. PACIFICA TM [11] was used to filter the pressure data using a rainflow counting approach. The result was the pressure cycle exceedance diagram shown in Figure 13 .
FIGURE 13. PRESSURE CYCLE EXCEEDANCE DIAGRAM AT EACH DENT LOCATION
Based on the pressure cycle data and the SCFs calculated from the FEA, a damage rate for each dent was calculated. The pipeline was already in service for five years and it was assumed that 50% fatigue damage was accumulated during dent formation. A remaining life for each dent was calculated using the worst case result of the two S-N fatigue curves identified earlier (API 579 and API Xʹ). The results of this calculation are summarized in Table 4 . A 2.0 factor of safety was applied to the final results as requested by the operator.
TABLE 4. REMAINING LIFE RESULTS
The results of the life-cycle analysis indicated that Dent 2 and Dent 3 were of similar severity with virtually identical remaining lives. This differed from the results of the other assessments which implied that Dent 2 was the most severe dent by a significant margin.
Discussion of Case Study Results
Of the four methods used to assess the dents (depth, d/L, strain, and life-cycle) three of the methods considered the stress intensification effect of the dent profile only. The results of the d/L assessment agreed with the results of the strain analysis. Since the simple d/L assessment results were verified by the more advanced strain assessment results, it can be inferred that using d/L is a more effective simple assessment method than just considering depth.
The results of the strain-based assessment indicated that Dent 2 was the most severe dent by a relatively high margin. However, all three dents had relatively high peak strain values. The calculated peak strain values ranged from 8.0% to 11.7%. For comparison, a common allowable limit on peak strain for several codes and regulations is 6%.
Based on the life-cycle analysis results, Dent 3 had effectively the same remaining life as Dent 2. This is because while Dent 2 had the largest overall SCF values, Dent 3 was exposed to the most severe pressure cycling. Dent 1 had a much longer remaining life than Dents 2 and 3, demonstrating that Dent 1 could be removed from consideration for repair. Dents 2 and 3 could be flagged for further investigation and repair. Since the remaining life of Dents 2 and 3 were both approximately 26 years, this would allow for a future repair to be planned as there was a low probability of immediate failure of these two dents.
If only a strain-based assessment were performed, the operator would have limited information on the probability of failure, and an immediate repair of all three dents would have been the likely course of action.
DENT ASSESSMENT BEST PRACTICES
Dent assessments should be performed with the proper damage mechanisms in mind. Simple assessment methods can be used for screening purposes but advanced assessments will provide a better understanding related to the probability of failure for a dent.
A strain-based assessment to determine the amount of elevated strain or FEA modeling to determine the amount of stress concentration both provide a good measure of the severity of the deformation of the dent profile. However, stress concentration values are required to complete a fatigue assessment. A fatigue assessment is required to predict remaining life of a dent and should be considered best practice where the pipeline is in cyclic service.
None of the methods discussed in this paper directly analyze the amount of damage that occurred in dent formation and subsequent shakedown. The life cycle assessment makes a damage assumption based on prior studies. To more accurately determine the amount of damage that has initially occurred, elastic plastic FEA modeling should be performed where the measured dent profile is used as the final geometry and the initial dent shape prior to shakedown is determined through an iterative process.
